I. INTRODUCTION WADDINGTON (1957) pointed out that the fundamental processes of development in a higher organism are characterised by a marked invariance of their end-state. He explained this stability by assuming that developmental processes are canalised or buffered against environmental and genetic factors tending to deflect them from their normal pathway. The degree to which a developmental pathway is canalised is under the control of genes which stabilise the pathway against the effect of combinations of genes tending to produce variability.
In a study of crossveinless in Drosophila melanogaster, Waddington (1953) demonstrated cryptic genetic variance under temperature stress during a sensitive stage of the life-cycle. He selected populations which showed an increased response to the stress and ultimately manifested the defect under normal conditions. In a series of studies on scutellar bristle number in D. melanogaster (Rendel 1959, et seq.) and on facial vibrissae in mice (Dun and Fraser, 1958, et seq.) , mutant genes have been used to reveal genetic variation which can be utilised by selection but is not expressed in the normal animal.
A study of basal fertility in common wheat, Triticum aestivum ssp. vulgare, where the normal phenotype is shown to be invariant despite environmental and genetic variation, has revealed a number of striking analogies with these systems.
The wheat inflorescence or head consists of two parallel rows of sessile spikelets attached to an axial rachis, and a single terminal spikelet oriented at right angles to the remainder. The pattern of floral morphology in typical vulgare wheats is as follows. Each spikelet is subtended by two sterile basal glumes; above these is a variable number of bract-like lemmas which enclose fully competent flowers, and at the apex there is a number of bracts and florets which fail to develop. The invariance in the pattern of flower development in base fertile wheats resides in the fact that fully developed flowers, competent to produce seed, are laid down in the axil of the lowest lemma and in those of the succeeding ones. The zone of floral competance may shift in one or the other of two directions; either downwards to the normally sterile glumes or upwards to the second or succeeding lemmas. While the first alternative is found in some wheats and has been induced minimally in our vulgare stocks, the second is characteristic of the mutants and selections used in the present study. Stocks where floral development is displaced upwards from the level of the first lemma are referred to as base sterile.
In a preliminary study, Frankel and Fraser (1948) showed that basal 572 0. if. FRANKEL, B. SHINEBERG AND ANNE MUNDAY fertility is closely associated with the syndrome of vulgare characters-soft glumes, tough rachis and short internodes-which is under the control of the Q locus on the long arm of chromosome 5A. Speltoidy which stems from a deletion of the Qlocus (Huskins, 1946 ) is a necessary, though not sufficient, condition for the occurrence of basal sterility. An analysis of these speltoids revealed the presence of genetic variability which is normally suppressed by the 0_locus.
In the present paper we examine the nature of the genetic processes affecting basal fertility and attempt to specify their role in buffering the expression of this character against variability due to environmental and genetic factors. Evolutionary and physiological aspects of the problem will be reported elsewhere. Three independent mutants, each a homozygous speltoid, provided the original material. Other types were obtained from crosses between some of the mutants, or between mutants and normal vulgare wheats. They are briefly described in table 1. All experimental plantings used in the analysis reported in this paper were made in the open in Canberra. Determinations of flower development were made on the largest head of a plant.
(ii) The nature and identification of basal sterility
In a detailed study of the development of normal and defective florets in base-sterile mutants, Barnard (l955b) found three well-defined types of defects which he termed imperfect, rudimentary or empty. Imperfect fiorets are normal except that the anterior stamen is deformed or missing; such florets are often functional. In rudimentary flowers the floral organs are deformed and often fused. Imperfect and rudimentary flowers are normally found in "transitional" positions within a spikelet, viz., in the florets immediately below the first normal one. Empty flowers lack flowering organs altogether. In all data used in this paper the criterion of basal sterility is a twisted, reduced or missing palea, which in Barnard's observations was as a rule associated with a drastic deformation or absence of flowering organs, and which we have found to be closely correlated with the failure to set seed. However, since in normal wheat seed-set rarely reaches 100 per cent., a reduced or missing palea was found to be a more exact AN INVARIANT CHARACTER IN WHEAT 573 criterion of basal sterility than a failure to set seed which was used prior to 1957. The upward shift of the zone of floral competence that occurs in the spikelets of base sterile plants tends to be compensated for by the full development of upper florets which normally remain immature in base fertile plants. This is illustrated in fig. 1 , in which a comparison is made of the means of spikelet basal sterility and grain set of speltoid lines for the year 1967. The normal parametric statistical methods may not be used for testing differences between parents because of the dissimilarities of their distributions. There are, however, characteristic differences between parents which persist from year to year. St1A means fall around the centre of the 0-1 range and are clearly different from populations of other parents to the right and left. This discontinuity is associated with the transition from first to second flower defects. Between 0 and 1 there is a steady increase in the number of defective first flowers up to a point where all but perhaps the apical spikelet have a defective basal fioret. As a rule, in lines derived from St2 crosses, second flower defects do not occur until this point is reached. The regularity in the accumulation of first flower defects up to point 1 is, however, not without exception. In about 2 per cent. of the F2s from crosses with St2, plants with an index less than or equal to 1 are found with defective second flowers. An understanding of this condition comes from lines derived from F2 plants with an index slightly greater than 1 in F2s of St2 with St1 and StF which were selected for increased fertility. Progenies from these lines retain spikelets with second flower defects in spite of the accumulation of completely base fertile spikelets. In this respect they are quite distinct from typical plants with an index less than or equal to 1, and reflect a loss of coordination of floral differentiation along the head.
The connection between the extent of buffering in lines and their mean sterile base values emerges from the data for the speltoid parents (table 2) . This was examined more completely in a series of F7 speltoid lines selected from the crosses (St1 x St2), (Sty x Sf2) and (StF x Yeoman). One hundred and ten of these, together with parents, were allocated at random to field rows, each containing 22 plants. In fig. 5a , the standard deviations have been plotted against progeny mean sterile base scores over the range 0-9. Since the parents of the test plants were selected from F6 progenies which had failed to segregate in spite of disruptive selection, the test plants were probably highly homozygous though this cannot be determined because of the inherent developmental instability of the highly sterile lines. It is clear that the relation between progeny standard deviations and mean sterile base scores is independent of cross or parent which are shown individually. As with the parents, there is a tendency for the standard deviation of progenies lying in the 0-1 range to go to zero as their means approach the extremes of the range. Beyond point 1 there is a rise in the standard deviation which is approximately proportional to that of their mean sterile base score. This indicates that with increasing basal sterility, populations become steadily more unstable in their manifestation of the character. Another aspect of this discontinuity is shown in fig. 5b . Here a plot similar to fig. 5a has been made for the sterile base range 07-11. It includes F6 progenies selected for high basal fertility from (St1 In view of the discontinuity at point 1, it might be asked whether discontinuities occur at other points corresponding to integral values on the sterile base scale. For example, should one expect a discontinuity at point 2, with all second florets defective and the third florets completely fertile? In spite of the fact that in passing from 1 to 2 on our scale (and to a lesser extent from 2 to 3), there is a considerable build-up of second flower defects before third florets begin to be affected, there is no evidence of any discontinuity corresponding to that at point 1.
Two main factors may be involved in blurring such an underlying As to the first question, no base-sterile defects have been found in many hundreds of vulgare plants, either in parent lines such as Victor and Teoman or vulgare-type segregates from crosses with speltoid lines, when these have been examined in a mature state. An abnormality which is not uncommon in some varieties, the absence or malformation of the anterior stamen, does not impair normal fertility. This developmental stability prevails over a great range of environments-controlled as well as natural-to which wheats have been exposed. High temperatures or low soil fertility may affect the development of entire spikelets, or the upper florets within the spikelet, but not the development of basal florets alone.
Answers to the second question come from an analysis of the heterozygous speltoid segregates from crosses of Victor and Teoman with the speltoid lines, St and St1. In these there was no indication of a breakdown in the buffering against basal sterility. The protection that Q provides against basal sterility is thus independent of dosage and of the genetic background of these speltoids.
(ii) The A gene
The segregation about the point of discontinuity at 1 on the sterile base scale is controlled by the alleles of a major genetic factor which we have denoted the A gene. Plants carrying this factor have a sterile base score of 1, i.e. the first flower may be defective but all flowers from the second onward are normal. St2 is the only speltoid line with defects in flowers beyond the first, and hence is our only source of the a allele. The seven vulgare varieties tested all carry A.
All F1s in the crosses between St2 and other speltoids have defects only in the first flower ( fig. 6 ). In the F2s there is a 3 : 1 ratio for "first flower defects only" to " second flower defects ".
No statistically significant deviation from this ratio has occurred in the F2s of crosses of St2 with different speltoids and in Segregating families in the crosses (Sty x St2) and (St1 x St2) from the F3 onward. Nor has any heterogeneity been detected in replicates within a single cross, between the different crosses or between years when the segregations of different crosses were pooled. The same goodness of fit was characteristic of the speltoid F., fractions of the crosses of St2 with Teoman and Victor. A representative sample of these data is presented in tables 4 and 5. The expression of the A allele is thus independent of polygenic background and of a wide range of growth conditions in the field. In all cases, the segregation has been determined in relation to the sterile t Numbers in brackets refer to plants with score 1 which carry second flower defects, and are probably misclassified as carriers of the A allele. base score and not with respect to the incidence of second flower defects. This is relevant to the F2 plants-already referred to-which have second flower defects in spite of a score l. These are shown in brackets in heterozygotes were more base sterile than the homozygotes and that there was very little overlap between the two groups irrespective of the location of the sample as a whole in the 0-1 range ( fig. 7 ).
In the F2 (SIF x 5t2), all AA plants were at 0, and the Aa plants had a mean of O4. Similarly, in the F2 (St1 x St2) the mean of the AA plants was 02, that of the Aa plants 08. It is clear that the A allele has a dosage effect on the basal fertility of the first flower.
The relatively high basal fertility of the AA plants from the F2s of both of these St2 crosses contrasts with the F2s of a number of crosses between AA parents conferring high basal fertility (Sty, Victor) and high basal sterility (5t1, Teoman), in which the distributions extend all the way from 0 to 1 (fig. 3) . The explanation for the difference between these and the St2 crosses must be in the constitution of St2 itself, or, more specifically, in the interaction of alleles contributed by St2 and the A gene. This accounts for the very great number of plants in the (St1 x St2) F2s which are more base fertile than either of the parents (fig. 4) .
(iv) Analysis of the continuous variation
The evidence so far presented suggests that although the A gene has a major role in the determination of basal fertility, there are other genetic elements with which it interacts. In view of the distinctive nature of the 584 0. H. FRANKEL, B. SHINEBERG AND ANNE MUNDAY distribution in the presence or absence of A, the two ranges of variation, 0-1 and > 1, are discussed separately.
The 0-1 range. Though some of the parent lines in this range overlap, their means and variances indicate characteristic differences which are consistent over the many experiments in which they have been observed.
The means of the F1s between the speltoids ( fig. 6 ) tend to be highly correlated with the order of the means of the parent lines. The high mean value for the (St1 x St2) Aa hybrids contrasts with the low scores of AA F2 plants from this cross ( fig. 7) , and confirms that an increased dosage of A makes the head more base fertile. The F2s show similar trends ( figs. 3 and 4) . In the 0-1 range, SIFF, St and St1 tend to increase the sterility of distributions in comparable crosses in the order to be expected from their parental values. A comparison of comparable F2s from Victor and Teoman consistently reflect the more fertile background of Victor. This is not surprising in the case of the speltoids since, with the exception of St1A, these lines were obtained by selection for increased or decreased sterility in populations directly or indirectly derived from St1. The results confirm the supposition that the parents differ by sets of genes which are largely additive in their effect.
A different line of evidence for the existence of genetic factors controlling the variation in the 0-1 range comes from selected F4 to F6 progenies from the cross (StF x Teoman). An attempt was made to stabilise progenies between points 0 and I. Representative plants from a range of F4 families were grown on in F5, and this procedure was repeated from F5 to F6. The grand means of F5 and F6 offspring progenies are plotted against the means of their respective parent progenies in fig. 8 . It can be seen that the relationship between generations, as shown in this figure, is non-linear, departures from linearity being most marked in the middle of the range, though at points 0 and 1 fixation is practically complete across the three generations. In addition, the departures from linearity have been in opposite directions in different years, the F5s being more sterile and the F6s more fertile than their respective parents. These two features are a reflection of the proneness to environmental instability of populations from the middle of the 0-1 range.
However, when only the ranks of the means of progenies are taken into account, the ranks of both the F4 and F5 parent progenies show a highly significant correlation with those of their offspring. A rank correlation which is significant at the 5 per cent, level also occurs when progenies with a mean value > 085 and <O'15 are ignored. These results support the view that genetic factors contribute to variation across the whole range from 0 to 1. The >1 range. Insight into the nature of the genetic controls operating in this range was obtained from lines grown from a random sample of aa plants from the F2s of the crosses (St2 x Sty) and (St2 x 5t1). These were grown as far as the F4 without selection. Thereafter selections were The presence of genetic variance in the F4s derived from these plants is clear from the ready response to selection for high and low sterile lines.
Lines with mean values as high as 7-8 and as low as O7 were obtained by the F6 and F7 generations.
Discussiox'i
Stability in the expression of basal fertility in our stocks approaches completeness at only two values of the sterile base index, 0 and 1, and it occurs only in lines where the spikelets within a head are uniformly affected. In vulgare wheats, such as Victor and Yeoman, the spikelets are uniformly base fertile, but the same applies also to a speltoid line such as StFF derived from the cross (StF x St2) and there has been no difficulty in selecting for very stable lines in a large number of our crosses. Stability at this point, therefore, is independent of the vulgare syndrome. At a sterile base index of 1 highly buffered speltoid lines, similar to St1, can also be selected. In these lines, all spikelets tend to carry a single defective flower, with the exception of the apical spikelet which is a good deal more variable than the rest.
Three genetic systems affecting the development of basal floral primordia have been found in vulgare and its speltoid derivatives. They are (1) the vulgare factor, Q; (2) the A gene; and (3) a polygenic system which modifies either allele at the A locus. Q, is inherited as a single dominant gene and its effect on basal fertility is independent of variability in the other components of the genetic system. Thus the normal development of q-bearing vulgares is buffered against the expression of cryptic genetic variance for basal fertility which is exposed by the removal of Q in suitable crosses. Data for Yeoman illustrate this point. This Q-bearing vulgare indubitably carries the A allele, as does the mutant St1 which is derived from it. But the vulgare-type segregants in the cross (Teoman x St2), one-quarter of which must be aa, are all normal. Nor is Yeoman affected by its "background" which must be close to that of St1.
Confirmation comes from the distribution of speltoids in the F2 (Yeoman x St1) which is similar to that of St1.
In its effect on basal fertility at the second flower level, the effect of the A gene is analogous in a number of ways to that of the Qfactor on the 1st flower. With either a single or double dosage of the A gene, the second floret of all spikelets is fully fertile. The fact that this has been the case in all A-bearing stocks over a large number of years under field conditions, regardless of the polygenic background of the stocks, indicates the strong effect of this gene. This may also be inferred from the very close fit of the 3 : 1 segregation of the A :a alleles of this gene under similar conditions. As with Q, speltoids carrying A are buffered against the expression of underlying genetic variance for a base sterile score > 1. There are also several important differences. Unlike Q A has no effect, as far as we know, on other characters besides basal fertility. The presence of A is compatible with a range of variation from full fertility to complete failure of the first flower depending on the dosage of A, the polygenic background and, presumably, their interaction. In combination with selected background genes, the presence of A results in normal buffered basal fertility, which is as complete as in any vulgare.
Variation of the background polygenic system provides the basis of selection across the whole range of our scale. The marked response to Perhaps the most striking difference between A and a is found in comparisons of aa distributions in the F2s of St2 with Sty, and St1. StF and St1 are identical for A, but differ widely in their genetic background. This is clearly exhibited by the distribution of the two populations in the 0-1 range. But beyond point 1, the two F2 populations are similar, with an indication of higher sterility in the cross with the more fertile parent. The response to selection for increased basal sterility from the F3 onwards was similar in both crosses. This contrast in the effect of the genetic background upon the z(1 and > I ranges suggests distinct genetic systems at the two developmental levels.
The coexistence of distinct genetic components capable of exerting a strong effect on basal fertility may best be interpreted in terms of the polyploid nature of wheat. They may represent alternative genetic pathways, derived from ancestral diploid species. The evolution of the system, however, is not the subject of this report. But, in principle, it has been shown how alternative genetic systems not expressed under normal conditions may produce the same invariant phenotype as is achieved in the presence of Q. This genetic system may also be used to provide an alternative canalised end-state of development with what amounts to three glumes. This is in accordance with the developmental homology of glume and lemma (Barnard, l955a) .
What functions can be ascribed to genes affecting basal fertility? An essential feature of Waddington's concept of canalisation is that the invariance of a developmental character may be understood only in terms of the interaction of two distinct kinds of processes. These are determined by two sorts of genes, those in which alterations tend to produce variation in the phenotype, and canalisation or control genes tending to protect the organism against phenotypic variability.
A number of observations suggest that the gene systems we have identified are of the former kind and do not act as components of control mechanisms of the kind envisaged in Waddington's concept. The canalisation of basal fertility can be obtained independently of Q, since stable speltoid lines can be selected by using variation of the polygenic background in the presence of A. In the 0-I range, control mechanisms seem to remain intact even though the Q factorhas been deleted. The evidence for this is the ease of selecting towards canalised speltoid phenotypes. The difference between a relatively poorly canalised line like StF and a completely canalised one like StFF is due to variation in genes which are largely additive in their effect and is unlikely to be due to differences in the control genes they carry. Since the effect of a change from a single to a double dosage of the A allele is to decrease the level of basal sterility in a head, it would be difficult to ascribe a control function to this gene. Indeed, the dosage effect of A is analogous to that which can be obtained by means of the polygenic system.
An assessment of the function of Q is problematical, because of the difficulty in inducing variation in Q-carrying stocks. The observations of
